conscious animals, will be crucial to discern the integrative processes in the brain stem that result in emesis.
Introduction
vomiting is a protective reflex to rid the body of ingested toxins. However, this response also occurs following anesthesia or exposure to radiation, during cancer chemotherapy or pregnancy, and even as a consequence of some psychological stimuli Miller and Grélot 1996) . Emesis can also occur as a component of a malady called motion sickness that sometimes accompanies movement (Reason and Brand 1975; Money et al. 1996; Yates et al. 1998) .
The motion paradigms that evoke motion sickness can be complex and variable from individual to individual. These paradigms have been thoroughly described in other publications (Tyler and Bard 1949; Money 1970; Reason and Brand 1975; Reason 1978; Oman 1990; Money et al. 1996; Bles et al. 1998 Bles et al. , 2000 Yates et al. 1998; Golding and Gresty 2005; Shupak and Gordon 2006; Kennedy et al. 2010 ) and thus will only be discussed briefly here. The amplitude of movements is not the major factor that triggers motion sickness (Oman 1990; Eyeson-Annan et al. 1996) , but a deviation between sensory inputs and those expected based on experience, including a pattern of inputs from sensory receptors that provides ambiguous cues regarding body position in space (Lackner and Dizio 2006; Thornton and Bonato 2013) . The evolutionary rationale for motion sickness is unclear, although a variety of hypotheses have been proposed. For example, motion sickness 1 3 could be protective, as it induces animals to become less active in situations where continued movement might result in postural instability or injury (Riccio and Stoffregen 1991; Knox 2014) . However, such "protection theories" are not the only explanations that have emerged for motion sickness (Treisman 1977; Ebenholtz et al. 1994; Balaban 1999) , which include the notion that motion sickness is an epiphenomenon, and results from aberrant activation of vestibulo-autonomic pathways that typically serve to maintain homeostasis (Yates et al. 1998; Golding 2006) .
The most critical signals required for the generation of motion sickness come from the vestibular system, as evidenced by the fact that individuals with bilateral vestibular dysfunction are usually not susceptible to motion sickness induced by stimuli that are typically provocative (Money 1970; Cheung et al. 1991) , although one study reported that visual stimuli could induce motion sickness-like symptoms in subjects with loss of labyrinthine function (Johnson et al. 1999 ). In addition, conflicting sensory information from different vestibular end organs can induce motion sickness. For example, bilateral galvanic stimulation of the vestibular nerves, which produces a signal indicating that the head is simultaneously moving in many directions, can elicit retching and emesis in cats (Bard et al. 1947; Miller and wilson 1983; Balaban et al. 2014) .
The motor act of vomiting includes complex gastrointestinal (GI) and respiratory components, as well as changes in posture Miller and Grélot 1996; Money et al. 1996) . The GI components incorporate marked reductions in gastric tone and motility, changes in gastric myoelectric activity, and a retrograde contraction that moves GI contents from the upper part of the small intestine back into the stomach prior to expulsion. However, GI changes are not essential to generate vomiting, as emesis still occurs following vagotomy, which eliminates these responses (wang et al. 1957; Lang et al. 1999 ). Retching and expulsion are primarily produced by the powerful and coordinated action of the major respiratory muscles (McCarthy and Borison 1974 ). These muscles contract in different patterns during respiration and vomiting (Miller and Grélot 1996) . In particular, the diaphragm and abdominal muscles, which are activated sequentially during the inspiratory and expiratory phases of respiration, co-contract during retching and expulsion (see Fig. 1 ).
Nausea is a sensation that usually precedes vomiting and is triggered by the same inputs. It thus seems likely that the brainstem regions that receive sensory inputs that elicit emesis also participate in generating nausea. Nonetheless, the neural pathways that produce nausea and vomiting are at least partly separate. Emesis can be evoked in animals with all portions of the nervous system removed except the caudal medulla and spinal cord (Fukuda and Koga 1991; ). As such, the critical pattern generator that coordinates the respiratory muscle contractions that generate vomiting must be located in the caudal medulla. In contrast, a variety of experimental approaches have indicated that an ascending pathway from the brain stem through the parabrachial nucleus (PBN) to the hypothalamus, limbic system, and perhaps other cortical areas is responsible for nausea and the affective responses (e.g., stress and discomfort) that precede and accompany emesis (Yamamoto et al. 1992 (Yamamoto et al. , 1994 Gieroba and Blessing 1994; Scalera et al. 1995; Balaban 1996; Yamamoto 1997, 1998; Gallo et al. 1999; Reilly 1999; Ballesteros and Gallo 2000; Snyder et al. 2000; Yamamoto and Sawa 2000; welzl et al. 2001; Grabus et al. 2004; De Jonghe and Horn 2009) .
It is generally assumed that emesis, despite its triggering mechanism, is mediated through a "final common pathway" (Money 1970; Treisman 1977; Money and Cheung 1983; Miller and Leslie 1994; Yates et al. 1998) . The existence of broad-spectrum antiemetics such as neurokinin-1 (NK 1 ) receptor antagonists that prevent vomiting induced by a variety of triggers supports the hypothesis that a common output pathway from the brainstem coordinates and controls the respiratory muscle contractions during emesis (Bountra et al. 1993; watson et al. 1995; Gardner et al. 1996; Gonsalves et al. 1996; Fukuda et al. 1998; Gardner and Perren 1998; Fukuda et al. 1999) . Similarly, nausea induced by a variety of triggers is also presumably mediated through the same neural pathways, although there is no definitive evidence to support this hypothesis. This review discusses the experimental findings that provide insights into which neural regions mediate nausea and vomiting, with a particular focus on areas that produce motion-induced nausea and vomiting. It additionally considers recent evidence regarding the effects of delivering Fig. 1 Electromyographic (EMG) recordings from the diaphragm and abdominal muscles of a feline during vomiting elicited by bilateral sinusoidal polarization of the labyrinth. Two episodes are shown, consisting of co-contractions of the muscles during retching followed by expulsion, when the contraction of the abdominal musculature (blue curve, indicated by gray shaded area) persists longer than that of the diaphragm (red curve). Each emetic episode is preceded by a period of apnea (black arrows), related to the inhibition of the respiratory pattern generator. Also note that the diaphragm EMG activity during breathing after each period of vomiting (red arrows) is much smaller than during emesis one emetic stimulus on the processing of another in these regions. In particular, recent studies reporting the effects of intragastric infusion of copper sulfate (CuSO 4 ) on the processing of vestibular inputs by several brainstem areas believed to participate in producing nausea and vomiting are evaluated. Finally, this manuscript considers deficits in the understanding of neural mechanisms that produce nausea and vomiting, and proposes additional experimental approaches needed to address these shortcomings.
Brainstem regions that participate in producing nausea and vomiting
A variety of different experimental approaches have been used to determine which areas of the brain stem participate in producing nausea and vomiting. Studies conducted in several species determined these regions by mapping the distribution of c-fos protein (Fos)-like immunoreactivity elicited during emesis (Boissonade et al. 1994; Miller and Ruggiero 1994; Boissonade and Davison 1996; Billig et al. 2001b; Ito et al. 2003 Ito et al. , 2005 Horn et al. 2007; Onishi et al. 2007; Balaban et al. 2014) . Fos is quickly expressed in response to neuronal activation. After being synthesized in the cytoplasm, Fos is rapidly translocated to the nucleus where, with the Jun protein, it forms a heterodimer that regulates the expression of other genes (Morgan and Curran 1991; Herrera and Robertson 1996) . Unfortunately, many of the studies that mapped neuronal Fos expression during vomiting only considered circumscribed areas of the caudal medulla (Boissonade et al. 1994; Miller and Ruggiero 1994; Boissonade and Davison 1996; Ariumi et al. 2000; Ito et al. 2003 Ito et al. , 2005 Onishi et al. 2007) , and not the entirety of the brain.
Since emesis is produced by the powerful co-contractions of the diaphragm and abdominal musculature, other studies conducted in emetic species mapped the distribution of brainstem neurons that control these muscles with the use of the transneuronal transport of two neurotropic viruses: pseudorabies (Billig et al. 1999 (Billig et al. , 2000 (Billig et al. , 2001a (Billig et al. , 2003 Yates et al. 1999 ) and rabies (Lois et al. 2009 ). Transneuronal tracing techniques offer a powerful tool to map the polysynaptic pathways providing inputs to a particular target, as the viruses move progressively through neural circuits in a time-dependent retrograde manner (Kelly and Strick 2000; Ugolini 2008 ). These studies identified bulbospinal neurons that regulate the activity of the respiratory muscles and additionally revealed the locations of cells that provide inputs to these bulbospinal neurons.
Lesion and neurophysiologic techniques have also been used to determine the areas of the brain stem that mediate nausea and vomiting in cats and dogs. For example, neurophysiological studies have localized neurons whose activity is correlated with respiratory muscle contractions during vomiting (Miller et al. 1987 (Miller et al. , 1990 Bianchi and Grelot 1989; Fukuda and Koga 1992; Miller and Ezure 1992; Grelot and Miller 1994; Fukuda and Koga 1997) . In addition, lesion studies ascertained which regions of the brain stem must remain intact for vomiting to occur (wang and Borison 1951; Fukuda and Koga 1991; Koga et al. 1998) . Other studies determined which brain regions induce vomiting when activated using electrical stimulation (Borison and wang 1949; Koga 1991, 1992; ).
Bulbospinal pathways
Most neurophysiological studies focused on the control of vomiting hypothesized that neurons in the dorsal and ventral respiratory groups of the caudal medulla coordinate the contractions of respiratory muscles during all behaviors, including emesis. However, in contradiction to expectations, these studies revealed that respiratory group neurons are insufficient to elicit the respiratory muscle activity that produces vomiting. Although the firing of bulbospinal expiratory neurons in the caudal portion of the ventral respiratory is correlated with abdominal muscle contractions during retching and expulsion (Miller et al. 1987) , most bulbospinal inspiratory neurons are actively inhibited and mainly silent during emetic responses (Bianchi and Grelot 1989; Miller et al. 1990 ). Recordings from interneurons in the respiratory groups revealed that the firing of these cells is profoundly altered during emesis, such that they mainly act to suppress the output of the respiratory pattern generator (Miller and Ezure 1992; Grelot and Miller 1994; Fukuda and Koga 1997) . These findings explain an observation in Fig. 1 : a period of apnea precedes retching and vomiting, presumably as the respiratory pattern generator is inhibited before the vomiting pattern generator is activated.
Since respiratory group neurons, particularly inspiratory neurons, are inhibited during emesis, other bulbospinal neurons must play a primary role in regulating the respiratory muscle contractions that produce vomiting. Injection of pseudorabies virus into the diaphragm or abdominal muscles of ferrets (Billig et al. 1999 (Billig et al. , 2000 (Billig et al. , 2001a (Billig et al. , 2003 Yates et al. 1999) or rabies virus into the diaphragm of cats (Lois et al. 2009 ) demonstrated that in addition to cells in the respiratory groups, neurons in the medial medullary reticular formation [region labeled as the magnocellular tegmental field in Berman's atlas (Berman 1968) ] provide direct inputs to respiratory motoneurons. Figure 2 illustrates the locations of neurons infected at short and intermediate times following the injection of rabies virus into the diaphragm. Moreover, the use of two recombinants of pseudorabies virus showed that individual medial reticular formation neurons supply projections to both diaphragm and abdominal motoneurons (Billig et al. 2000) . As such, medial medullary reticular formation neurons have the proper connectivity to elicit the simultaneous contractions of the diaphragm and abdominal musculature that occur during retching and the initial phase of expulsion. In addition, neurons in this region fire in synchrony with the cocontractions of respiratory muscles during emesis, and lesions of the medial medullary reticular formation prevent emesis .
Nucleus tractus solitarius (NTS)
Emesis elicited by GI inputs results in Fos expression in NTS, particularly in the medial portion of the nuclear complex (Boissonade et al. 1994; Boissonade and Davison 1996; Onishi et al. 2007 ). This is not surprising, since visceral afferents terminate in NTS. Fos expression in NTS was also produced by the injection of the cancer chemotherapeutic agent cisplatin (Reynolds et al. 1991; Ariumi et al. 2000; Horn et al. 2007; De Jonghe and Horn 2009) or by irradiation (Ito et al. 2003) ; both treatments are believed to increase the activity of GI afferents (Horn et al. 2004 ). Injection of emetic drugs such as apomorphine (Miller and Ruggiero 1994) , whose action occurs centrally at area postrema (Borison 1959; Borison et al. 1975) , additionally induced Fos expression in NTS. Since NTS receives a large fraction of the efferent projections from area postrema (Leslie and Gwyn 1984; Knox et al. 1994; Miller and Leslie 1994) , this observation is also not unexpected. Fos expression increases in NTS of shrews during emesis provoked by shaking, which presumably is associated with motion sickness (Ito et al. 2003 (Ito et al. , 2005 . In addition, cats that exhibited symptoms of motion sickness during galvanic vestibularstimulation expressed considerable Fos labeling in Blue shaded areas designate nucleus tractus solitarius. Orange-pink shaded areas highlight labeling in the magnocellular tegmental field; neurons in this region and the respiratory groups make direct connections with respiratory motoneurons. Numbers to the left of each row of sections indicate the approximate distance (in mm) from the sections to stereotaxic zero, based on Berman's atlas (Berman 1968 (Lois et al. 2009) 1 3
NTS (Balaban et al. 2014) . Injection of transneuronal tracers into respiratory muscles resulted in infection of NTS neurons at intermediate survival times (Lois et al. 2009 ), as illustrated in Fig. 2 . Cumulatively, these data raise the possibility that NTS serves as a major integrative site for signals that induce emesis.
Lateral tegmental field (LTF)
A high density of neurons expressing Fos during vomiting was observed between the ventral respiratory group and NTS, in the area referred to as the LTF in the cat (Miller and Ruggiero 1994; Billig et al. 2001b; Ito et al. 2003 Ito et al. , 2005 Onishi et al. 2007) . Transneuronal tracing studies in cats confirmed that this region is polysynaptically connected with respiratory muscles (Lois et al. 2009 ) (see Fig. 2 ). In a series of classical experiments, Borison and wang (Borison and wang 1949) demonstrated that stimulation of the dorsolateral LTF within the caudal medulla of cats produces vomiting. Others Koga 1991, 1992) subsequently confirmed these findings in dogs. In addition, extensive lesions of the dorsolateral reticular formation of the caudal medulla eliminated emetic responses (wang and Borison 1951; Koga et al. 1998) . Furthermore, electrophysiological studies demonstrated that neurons in the dorsolateral medullary reticular formation have appropriate firing patterns to coordinate the respiratory muscle contractions that result in vomiting elicited by electrical stimulation of GI afferents (Fukuda and Koga 1992) . Consequently, the dorsolateral region of the caudal medullary reticular formation is often referred to as the "vomiting center" in textbooks.
However, other investigators claimed that there is not a compact vomiting center present in the dorsolateral medullary reticular formation of the caudal medulla. Instead, they suggested that a larger network of cells distributed through the lateral medullary reticular formation coordinates emesis. This view was based on the experiments showing that stimulation in the LTF failed to produce vomiting in cats , as was previously demonstrated by others (Borison and wang 1949; Koga 1991, 1992) . In addition, although large chemical lesions of the lateral reticular formation prevented vomiting, more focal lesions of the LTF did not abolish the response, albeit the patterning of the respiratory muscle contractions during emesis was altered. The apparent discrepancies in the studies are likely related to the size of lesions and the magnitude of stimulus currents that were employed. The "vomiting center" may in fact be a "vomiting region" distributed over several mm of the dorsolateral medullary reticular formation. Nonetheless, there appears to be general agreement in the literature that neurons located in the LTF play an important role in regulating the respiratory muscle discharges that generate vomiting, and as such are a component of the pattern generator that coordinates the response.
Since LTF neurons do not project to the spinal cord, other brainstem regions must also participate in regulating the activity of respiratory motoneurons during vomiting. As noted above, neurons in the medial medullary reticular formation (magnocellular tegmental field) supply projections to both diaphragm and abdominal motoneurons (Billig et al. 2000) , and are candidates for regulating the cocontractions of respiratory muscles during retching and the initial portion of expulsion. In addition, bulbospinal expiratory neurons in the caudal ventral respiratory group fire in synchrony with the abdominal muscle contractions during both retching and expulsion (Miller et al. 1987) . It seems likely that these two regions participate in conveying signals from the emetic pattern generator in the LTF to respiratory motoneurons.
Ascending pathways from the brain stem that produce nausea
The sensation of nausea is complex, and the neural pathways that mediate the response are largely unknown. In addition to activating medullary neurons, emetic stimuli induce Fos expression in the lateral PBN, the paraventricular and supraoptic nuclei of the hypothalamus, the central nucleus of the amygdala, and bed nucleus of the stria terminalis (Billig et al. 2001b; De Jonghe and Horn 2009 ). As such, neurons in multiple regions are candidates for generating nausea. Nonetheless, since the PBN serves as the primary relay of visceral signals from NTS to the hypothalamus, amygdala, and other forebrain regions (King 1980; King and Knox 1982; Fulwiler and Saper 1984; Kobashi and Adachi 1986; Portillo et al. 1994; Cechetto 1994, 1995; Halsell et al. 1996; Rinaman and Schwartz 2004) , this brain region must play some role in producing the sensation. PBN also receives descending signals from insular and prefrontal cortex (Saper 1982 ) and provides reciprocal connections to LTF (Herbert et al. 1990) , and thus could be involved in triggering vomiting in response to psychological stimuli.
Brain areas that participate in generating motion sickness Motion sickness is a complex malady and, in humans, includes signs and symptoms in addition to nausea and vomiting, such as cold sweating, and pallor (Reason and Brand 1975; Money et al. 1996; Yates et al. 1998 ). In addition, motion sickness is often linked with the Sopite syndrome, whose symptoms include lethargy and drowsiness (Graybiel and Knepton 1976) . As noted in the introduction, motion-induced nausea and vomiting occur most often when sensory feedback related to movement deviates from that which is expected, which requires a comparison of the sensory signals with the motor plan (Lackner and Dizio 2006; Thornton and Bonato 2013) . Hence, the neural pathways that trigger emesis during motion are likely more complex than those that elicit vomiting following exposure to toxins or stimulation of GI afferents.
Early lesion studies suggested that the area postrema chemoreceptive trigger zone was essential for eliciting vomiting during motion sickness. More recent lesion experiments, however, showed that motion-induced vomiting was prevented only in those cases where the area postrema lesions also extended into the underlying NTS (Borison and Borison 1986; wilpizeski et al. 1986; Brizzee 1990; Fox et al. 1990) . Anatomical experiments demonstrated that the caudal medial and inferior vestibular nuclei project directly to NTS (Balaban and Beryozkin 1994; Yates et al. 1994; Porter and Balaban 1997; Aleksandrov et al. 1998; Cai et al. 2007 ). In addition, physiological experiments showed that NTS neurons respond to electrical stimulation of the vIIIth nerve (Yates et al. 1994) and to tilts of the body that activate labyrinthine receptors . These data support the notion that NTS plays an important role in relaying labyrinthine signals to the emesis pattern generator.
Physiological experiments showed that cells in LTF are activated by electrical stimulation of the vestibular nerve, mainly at latencies suggesting that the labyrinthine inputs were multisynaptic (Yates et al. 1995) . Studies in decerebrate and conscious cats indicated that the responses of many LTF neurons to whole-body rotations in vertical planes are highly complex and do not reflect a simple integration of signals from otolith organs and semicircular canals (Moy et al. 2012; McCall et al. 2013) . Such integration of sensory signals would be expected in a brainstem region that mediates motion sickness-related vomiting, since neurons that receive inputs from only one vestibular end organ are unlikely to encode head movements that deviate from expectancy. These findings, along with the data from Fos-mapping studies (Ito et al. 2003 (Ito et al. , 2005 , suggest that the LTF serves as a pattern generator for motioninduced emesis, as it does for vomiting elicited by other stimuli.
The vestibular nuclei receive virtually all labyrinthine inputs and thus must participate in generating motioninduced emesis. It has been suggested that relatively direct connections from the caudal medial and inferior vestibular nuclei to NTS (Yates et al. 1994 ) and LTF (Yates et al. 1995) are responsible for eliciting vomiting during motion sickness. It is yet to be established whether integration of vestibular signals in other brain regions is also critical for producing motion-induced emesis. Several classical studies reported that destruction of a region of the posterior cerebellar vermis (nodulus and uvula, lobules IX and X), which constitutes a portion of the vestibulocerebellum, abolishes the capacity for an animal to vomit during provocative motion (Bard et al. 1947; Tyler and Bard 1949; wang and Chinn 1956) . These observations are supported by the results from physiological experiments (Cohen et al. 2003 (Cohen et al. , 2008 . The inputs to the posterior cerebellar vermis are appropriate to detect deviations of sensory inputs from expectancy, which results in motion sickness (Barmack 2003) .
Other studies indicated that a deep cerebellar nucleus, the fastigial nucleus, participates in generating motion sickness (Pyykko et al. 1984; Denise and Darlot 1993; Catanzaro et al. 2014 ). The fastigial nucleus receives a considerable fraction of the output from the vestibulocerebellum (Ruggiero et al. 1977 ) and projects to the caudal aspect of the vestibular nucleus complex (Carleton and Carpenter 1983; Andrezik et al. 1984) , so there is good reason to expect that the vestibulocerebellum and fastigial nuclei act in concert in triggering motion sickness.
There is also evidence that the activity of neurons in the vestibulocerebellum is affected by the stimulation of visceral afferents (Okahara and Nisimaru 1991; Tong et al. 1993; Saab and willis 2001) , which is reinforced by observations that the posterior cerebellar vermis receives projections from both NTS (Somana and walberg 1979) and area postrema (Shapiro and Miselis 1985) . The fastigial nucleus has also been reported to receive inputs from brainstem areas that process visceral signals, including the dorsal motor nucleus of the vagus (Zheng et al. 1982 ) and the area postrema (Shapiro and Miselis 1985) . These findings raise the possibility that the cerebellum might additionally participate in generating nausea and vomiting induced by the consumption of toxic substances, although one classical report indicated that cerebellar lesions do not prevent vomiting produced by the administration of CuSO 4 (wang and Chinn 1956). Moreover, the cerebellum is not required to produce vomiting and related prodromal activity in response to galvanic stimulation of vestibular afferents (Miller and wilson 1983) . It is certainly feasible that several brain regions that process vestibular inputs can independently activate the LTF emetic pattern generator and generate motion sickness. For example, motion sickness elicited solely by labyrinthine inputs could in some cases be due to signal integration within the brain stem, whereas motion sickness triggered by conflicting visual and vestibular signals may require sensory processing in the cerebellum.
Parabrachial nucleus (PBN) neurons in both monkeys (Balaban et al. 2002) and felines (Suzuki et al. 2012) respond to passive translations or rotations of the head that activate labyrinthine receptors. The caudal aspect of PBN receives direct inputs from the vestibular nuclei (Balaban 1996; Balaban et al. 2002) , as well as inputs from the vestibulocerebellum (Paton et al. 1991 ). As noted above, the PBN plays a fundamental role in transmitting visceral signals received by brainstem neurons to the limbic system (King 1980; King and Knox 1982; Fulwiler and Saper 1984; Kobashi and Adachi 1986; Portillo et al. 1994; Cechetto 1994, 1995; Halsell et al. 1996; Rinaman and Schwartz 2004) . PBN neurons express Fos in animals that exhibit symptoms of motion sickness during galvanic vestibular stimulation (Balaban et al. 2014) . In combination, these observations provide strong evidence that PBN neurons participate in generating the nausea and affective responses that occur during motion sickness. To further test this premise, it would be interesting to compare PBN neurons to active and passive head rotations, since actively controlled movements do not result in motion sickness (Rolnick and Lubow 1991; Golding et al. 2003) .
A recent study correlated Fos expression during motion sickness elicited by galvanic vestibular stimulation in felines with the severity of observed symptoms (Balaban et al. 2014) . A principal component analysis was used to identify the networks of neurons activated during this stimulus paradigm from functional correlations between Fos labeling in different nuclei. Five neural networks were identified, with labeling in two networks being prominent in the animals with the most severe motion sickness symptoms (e.g., retching and salivation). The brain regions containing the most labeled neurons in the animals with indicators of nausea and vomiting included those described above (e.g., the vestibular nuclei, NTS, and PBN). However, other brainstem areas, including the periaqueductal gray and raphe nuclei, contained the preponderance of Fos-labeled neurons in animals lacking overt motion sickness symptoms. These findings underscore the complexity of motion sickness and the variety of symptoms in addition to nausea and vomiting (e.g., changes in blood flow, discomfort, and stress) that are associated with the syndrome (Reason and Brand 1975; Money et al. 1996; Yates et al. 1998) . It is likely that the brain areas containing labeling in animals that did not explicitly become sick mediate prodromal signs of motion sickness.
Summary
The use of a variety of experimental approaches has identified a subset of brainstem regions that participate in generating nausea and vomiting, which are summarized in Fig. 3 . These regions are divided into areas that receive signals that trigger nausea and vomiting (area postrema, NTS, vestibular nuclei), areas that integrate the signals and regulate the activity of diaphragm motoneurons during Fig. 3 Brainstem regions that play a primary role in producing nausea and vomiting. Brainstem sections are from a feline and were obtained from (Berman 1968) . Numbers adjacent to a section indicate the distance (in mm) posterior to stereotaxic zero. Red areas receive emetic signals from the periphery and presumably participate in eliciting both vomiting and nausea. Blue areas are part of the vomiting pattern generator and relay emetic motor commands to respiratory motoneurons. Green areas participate in the viscerosensory processing that results in nausea. Black arrows designate connections between the cerebellar fastigial nucleus and caudal cerebellar vermis (nodulus and uvula) and brainstem areas that participate in generating vomiting. Abbreviations: AP area postrema, cVRG caudal portion of the ventral respiratory group, LTF lateral tegmental field, MRF medial medullary reticular formation, NTS nucleus tractus solitarius, PBN parabrachial nuclei, VN vestibular nuclei retching and emesis (LTF, caudal portion of the ventral respiratory group, medial medullary reticular formation), and areas that mediate nausea by relaying visceral signals to the hypothalamus and limbic system (PBN). Undoubtedly, the neural circuit outlined in Fig. 3 is an oversimplification and likely omits regions responsible for affective and prodromal responses that precede emesis. Nonetheless, the neural connections outlined in Fig. 3 are key contributors to emetic responses and should be the focus of additional studies considering the signal integration responsible for the generation of nausea and vomiting.
Integration of labyrinthine and nonlabyrinthine inputs by brainstem regions that participate in producing nausea and vomiting
Several recent studies considered the processing of labyrinthine inputs by brainstem regions that mediate nausea and vomiting, particularly NTS , LTF (Moy et al. 2012) , PBN (Suzuki et al. 2012) , and the caudal aspect of the vestibular nucleus complex (Arshian et al. 2013) . It is likely that processing of vestibular inputs by these regions contributes to the triggering or generation of motion-related nausea or vomiting, although the particular role of vestibular signal processing in each area is unknown. These studies also determined whether the responses to vestibular stimulation of neurons in these areas were altered when the emetic compound CuSO 4 was injected into the stomach. All of the experiments particularly focused on neurons whose spontaneous firing rate increased or decreased substantially following the intragastric infusion of CuSO 4 , as illustrated in Fig. 4 . Neurons whose spontaneous firing rate was affected by the delivery of CuSO 4 likely received inputs from GI receptors activated by the emetic compound and thus were the best candidates for having altered responses to vestibular stimulation.
Responses to vestibular stimulation of brainstem neurons that coordinate nausea and vomiting
One goal of the experiments discussed above was to ascertain the fraction of neurons in brainstem areas that generate nausea and vomiting whose responses to vestibular stimulation were complex, and not the simple summation of inputs from semicircular canals or otolith organs. Specifically, these studies determined whether the neurons exhibited spatiotemporal convergence (STC) behavior, which reflects the convergence of labyrinthine inputs with different spatial and temporal properties (e.g., inputs from otolith organs activated by ear-down rotations and semicircular canals activated by nose-up or nose-down rotations) (Baker et al. 1984; Schor et al. 1984; Schor and Angelaki 1992) . The expression of STC responses by a large fraction of neurons in a particular brain region is consistent with that region participating in producing motion sickness, because motion sickness may occur when inputs reflecting body position in space deviate from those expected based on experience. Since STC neurons integrate signals from a variety of vestibular end organs, they are better candidates for encoding a movement that deviates from expectation than neurons that receive inputs from only one end organ (e.g., neurons that respond only to horizontal semicircular canal stimulation). Examples of STC responses of an LTF neuron are shown in Fig. 5 . The fraction of neurons with STC responses has been determined in conscious cats for three brainstem areas that participate in generating nausea and vomiting: LTF , the caudal aspect of the vestibular nuclei (Miller et al. 2008a) , and the rostral fastigial nucleus (Miller et al. 2008b) . Less than 10 % of neurons in the rostral fastigial and caudal vestibular nuclei of conscious cats exhibited STC responses, whereas 25 % of neurons in the LTF had such complex responses to vestibular stimulation. These differences were statistically significant (χ 2 test). A similar comparison was conducted for data collected in decerebrate cats for the key brainstem regions implicated in generating vomiting: NTS , LTF (Moy et al. 2012) , and the caudal vestibular nuclei (Arshian et al. 2013) . whereas only one of 47 vestibular nucleus neurons (2 %) exhibited strong STC behavior, 18 % of NTS neurons and 31 % of LTF neurons had STC responses. These differences were statistically significant (χ 2 test). Thus, it appears that STC responses emerge as vestibular signals are transmitted through the neural pathways that produce vomiting, from the vestibular nuclei to NTS to LTF.
Effects of CuSO 4 administration on the responses of brainstem neurons to vestibular stimulation
The studies discussed above also ascertained whether intragastric administration of CuSO 4 affected the processing of labyrinthine inputs by neurons in NTS, PBN, LTF, and the caudal vestibular nuclei Moy et al. 2012; Suzuki et al. 2012; Arshian et al. 2013 ). The notion underlying these studies was that an emetic stimulus affects motion sickness susceptibility, which is reflected in altered processing of labyrinthine inputs by brainstem areas that mediate nausea and vomiting. These studies showed that the spatial and temporal properties of neuronal responses to vestibular stimulation were relatively unaffected when CuSO 4 was placed into the stomach. For example, the median change in response vector orientation (the direction of head movement that elicited a maximal change in neuronal activity) was <25° (out of a possible 365°) for neurons in each of the brain areas considered. However, the magnitudes of responses to vestibular stimulation of many NTS, PBN, LTF, and caudal vestibular nucleus neurons were affected by the administration of CuSO 4 , as indicated in Fig. 6 . Some of the responses were enhanced, and others were diminished, such that the median changes in response gains across the neuronal populations were negligible. Figure 7 shows examples of responses of PBN neurons to vestibular stimulation that were profoundly altered when CuSO 4 was infused into the stomach.
The effects of CuSO 4 administration on responses to vestibular stimulation were larger in some of the areas considered than others. Delivery of CuSO 4 caused a >50 % change in response gain for 55 % PBN neurons, 36 % LTF neurons, 33 % caudal vestibular nucleus neurons, but just 18 % NTS neurons. These proportions were shown to be significantly different via a χ 2 test. when the analysis was limited to the subset of neurons whose spontaneous activity increased or decreased following CuSO 4 delivery, the differences were even more pronounced: the gains of responses to vestibular stimulation of 67 % PBN and LTF neurons, 50 % caudal vestibular nucleus neurons, but just 15 % NTS neurons were altered over 50 % when the compound was provided (significantly different, χ 2 test). These data support the hypothesis that an emetic GI stimulus affects the processing of labyrinthine inputs in brainstem pathways that mediate nausea and vomiting. However, the effects are most pronounced in integrative regions such as PBN and LTF, and not areas such as NTS and the vestibular nuclei that directly receive emetic inputs from peripheral receptors.
Summary and conclusions
Recent studies demonstrated that neurons in brainstem areas that mediate nausea and vomiting receive convergent inputs from GI receptors activated by emetic compounds (Suzuki et al. 2012) , vN data from (Arshian et al. 2013) and labyrinthine receptors Moy et al. 2012; Suzuki et al. 2012; Arshian et al. 2013) . Such converging inputs were particularly common for LTF and PBN neurons, whose responses to vestibular stimulation were altered when CuSO 4 was present in the stomach. These data extend the "final common pathway" hypothesis by suggesting that not only is nausea and vomiting elicited by different triggers mediated by the same pathways, but that one emetic signal can affect the processing of another within those pathways. However, a limiting factor in interpreting these findings is that intragastric infusion of CuSO 4 enhanced the responses of some neurons to vestibular stimulation, but attenuated the responses of other neurons. It is possible that these diverging effects could be related to functional differences between the neurons. For example, some PBN neurons have ascending projections to the hypothalamus, thalamus, limbic system, and forebrain structures (Takeuchi et al. 1982; Fulwiler and Saper 1984; Cechetto and Calaresu 1985; Berkley and Scofield 1990) , whereas others have descending projections to NTS and the medullary reticular formation (Fulwiler and Saper 1984; Herbert et al. 1990) . It is feasible that the effects of CuSO 4 administration on the responses of PBN neurons to vestibular stimulation are related to which brain region a particular cell provides outputs. Additional studies are warranted to investigate the integration of labyrinthine and nonlabyrinthine emetic inputs by brainstem neurons that mediate nausea and vomiting, with a particular focus on the neurochemical and neuroanatomical characteristics of each cell examined.
Neural pathways that mediate nausea and vomiting: gaps in knowledge
As discussed above, there has been considerable progress in discerning the neural pathways that mediate nausea and vomiting. Key regions of the brain that coordinate these responses have been identified, and there is some information about the integration of neuronal signals in these regions. However, much is yet to be learned. Although some studies have incorporated recordings of neuronal activity during vomiting, all such experiments were conducted in decerebrate or anesthetized animals (Miller et al. 1987; Bianchi and Grelot 1989; Miller et al. 1990 Koga 1992, 1997; Miller Effects of copper sulfate administration on the averaged responses of two PBN units to 7.5° tilts whose direction was rotated about the animal at 0.2 Hz (wobble stimuli). Each histogram contains 500 bins; a gray waveform superimposed on each trace indicates tilt table position, whereas a red waveform is a sine wave fit to the response. In each panel, the top waveform indicates the response prior to intragastric copper sulfate, whereas the bottom waveform indicates the response after the compound was delivered. The shapes of five overlapped action potentials recorded from the units whose activity was binned in these histograms are provided to the right of each response. The spike shape was similar throughout the recording period, indicating that the same unit was sampled both before and after intragastric copper sulfate. a Responses of a neuron that lacked a response to vestibular stimulation prior to copper sulfate administration, although a strong response was present afterward. b Responses of a neuron whose activity was robustly modulated by rotations before intragastric CuSO 4 , but not afterward. Abbreviations: CED contralateral ear-down roll, IED ipsilateral ear-down roll, ND nose down, NU nose up. Adapted from (Suzuki et al. 2012) and Ezure 1992; Grelot and Miller 1994) . Responses of brainstem neurons to labyrinthine and other inputs can be exaggerated in such preparations , and thus, future neurophysiological studies related to the mechanisms producing nausea and vomiting should be conducted on conscious animals. In addition, previous work was limited to discerning the neural pathways that regulate the respiratory muscle contractions that result in vomiting and not those that mediate the autonomic responses that accompany emesis (alterations in GI activity, pallor, sweating, etc.). The bulbospinal pathways that mediate these autonomic responses are yet to be identified. Furthermore, vomiting is an "all or nothing" response, whereas the autonomic changes that precede and accompany vomiting vary considerably, and can persist for a considerable period before emesis occurs (Reason and Brand 1975; Grelot and Miller 1994; Miller and Grélot 1996; Money et al. 1996; Yates et al. 1998) . It is thus unclear whether the same brainstem areas coordinate emesis-related respiratory muscle contractions and the accompanying autonomic responses. The studies needed to provide critical insights into the neural underpinnings of nausea and vomiting will be very difficult, particularly since these responses do not occur instantaneously following the presentation of emetic stimuli. Furthermore, it may be difficult to differentiate primary autonomic responses associated with emesis with secondary autonomic responses related to anxiety and stress accompanying the response. Nonetheless, neurophysiological studies of neural pathways that mediate nausea and vomiting are critical to provide the needed insights for developing the next generation of anti-emetic drugs. Because nausea and vomiting are mediated in part through separate neural circuits, there is a potential for pharmaceutical agents to suppress vomiting, but not nausea. Since the act of vomiting can temporarily alleviate nausea, drugs that abolish emesis but not nausea would not be beneficial to patients, and thus, a thorough discrimination of the mechanisms of action of such drugs is needed prior to the initiation of clinical trials (Yates et al. 1998) .
Determining the neurophysiological basis of motion sickness will be particularly daunting, as there are individual differences in motion sickness susceptibility between individuals, and prolonged exposure to provocative motion is needed to generate the syndrome. A potential key to performing these studies is that motion sickness typically occurs when vestibular stimuli occur during unexpected movements, but not those that are voluntary (Rolnick and Lubow 1991; Golding et al. 2003) . Thus, comparing in conscious animals, the responses to voluntary and unexpected movements of neurons in brainstem areas that produce nausea and vomiting could be particularly enlightening. It would also be useful to train animals to expect a particular movement on the basis of a cue, but in some trials produce a movement that is not aligned with the cue. Neurons in brainstem areas that coordinate nausea and vomiting that respond only to erroneous movement cues could play a particularly salient role in triggering motion sickness (Yates et al. 1998) .
